Ring rolling is a complicated process, in which rolling parameters influence directly the quality of ring. It is a process method with high productivity and few waste of material, widely used in transportation industry including automotive, shipbuilding, aerospace etc. During the rolling process of large-sized parts, crinkle and hollows often appear on surface, due to inconsistence of rolling motions with the deformation of ring part. Based on radial-axial ring rolling system configuration, motions and forces in rolling process are analyzed, and a dynamic model is formulated. Error of ring's end flatness and roundness are defined as the characteristic parameters of ring quality. The relationship between core roller feed speed, drive roller speed, the upper taper roller feed speed, and quality of ring part are analyzed. The stress and strain of the part are simulated in the Finite Element Method by DEFORM software. The simulation results provide a reference for the definition of ring rolling process parameters. It is able to make the deformation of the part be consistent with the process parameters, and improve product quality considerably.
Introduction
Ring rolling is a kind of plastic fabrication technology, which makes the wall thickness be decreased, the diameter be expanded, and the section profile be shaped by stress. 1 It is a process method with high productivity and few waste of material, widely used in transportation industry including automotive, shipbuilding, aerospace, and other fields.
The forming process in radial-axial ring rolling is very complex, involving elastic/plastic deformation of ring part. The quality of fabrication is not only related to fabrication parameters, such as part material, forming temperature, forming pressure, core speed and so on, 2, 3 but also coincided with parameters' coordination relationship. If fabrication parameters are not harmonious, there would be defects in part such as tails and cracks. Fig.1 shows two defect parts when speeds and stress are not appropriate to part forming. So it is necessary to study in detail on radial-axial ring rolling process. Based on radial-axial ring rolling theory, we established a dynamic model of radial-axial ring rolling to analyze motions, relationships between components and rolling parameters. The result is helpful to improve the quality of rolling rings. 
The radial-axial ring rolling theory
The principle of ring radial-axial rolling is shown in Fig.  2 
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. The ring is rotated with the friction of driven roller's rotation. The core roller always contacts the inner side of the ring, making a linear feed motion in the radial direction while rotating. The upper taper roller has a down feed motion under the function of cylinder and a rotating motion along its own axis. The lower taper roller rotates on its own axis. The guide roller always contacts the outer side of the ring, and moves backwards while the diameter of the ring is increased, and it rotates with the rotating friction of the ring. With the combination of all rollers, the radial thickness and axial height of the ring are reduced, both the inner and the outer diameter are enlarged, forming a continuous cross-section profile of local plastic deformation. It moves until the ring parameters meet the design requirements. According to Newton's law, the ring force is balanceable, namely: 
1-drive roller, 2-core roller, 3/4-guide roller, 5-ring,6-taper roller Fig. 2 . The stress analysis diagram of the ring P1 and T1 are the positive pressure and the friction of the ring by driven roller respectively, P2 is the positive pressure by core roller, P3 and P4 are the positive pressure by two guide rollers. Fx1 is the component stress of taper roller in radial axis, P is the positive pressure of ring by taper roller. a1is contact angle between drive roller and the ring, a2 the contact angle between core roller and the ring. θ is the angle between the line, connecting centers of the ring and the taper roller, and the horizontal direction. β is the frictional angle between ring and taper roller. The core roller and two guide rollers is idling, with no friction torque, and they also produce no friction force on the ring. 5 During rolling progress, the drive roller and the core roller are exerted reaction force by the ring, as shown in Fig.3 , the red curve is the force in radial direction of drive roller during rolling progress, and the green curve stands for the force in radial direction of core roller. The forces upon the upper/lower taper rollers are shown in Fig.4 , where the force upon the upper taper roller is much lower than that on the lower taper roller. During rolling progress, the drive roller and the core roller are exerted reaction force by the ring, as shown in Fig.3 , the red curve is the force in radial direction of drive roller during rolling progress, and the green curve stands for the force in radial direction of core roller. The forces upon the upper/lower taper rollers are shown in Fig.4 , where the force upon the upper taper roller is much lower than that on the lower taper roller. 
The ring rolling motion analysis
Given, before rolling, the outer diameter of the ring is R 0, the inner diameter is r 0 , the wall thickness is b 0 , the axial height is h 0 . During rolling, the instantaneous value is R, r, b, h, respectively. V D is the speed of the outer diameter expandedness, V d the speed of the inner diameter expandedness, the feed rate of the core roller V is the speed of the wall thickness reduction. The relationship between parameters above is listed as the follow:
Accordingly, the ring diameter is associated with the feed rate of the core roller. Only when the rate of inner diameter change is greater than the outer diameter, the wall thickness decrease can be guaranteed during the rolling. During rolling, the ring is continuously rotating, n 1 and R 1 represent the speed and radius of the drive roller respectively. R and n are the instantaneous speed and outer diameter of the ring. If the relative sliding between the ring and the drive roller is ignored, the speed of the ring rotation is carried out as the follow:
During the rolling, the ring center gradually retreats, and its speed V 0 is equals half of the outer-diameter-increase speed, 6 namely:
The core roller feeds in a straight line, and is rotated by the friction between the drive roller and the ring. The rotate speed of the core roll is:
The line feed speed is:
Quality of ring forming

Quality definition
The quality of ring forming in rolling progress is defined by the flatness of the end face and the roundness error of the ring's excircle. 7 Selected 18 points on the end face as shown in Fig.5 , the flatness of the end face is calculated by the vertical coordinates to evaluate the surface quality of the ring end face. According to the flatness, the forming quality of ring is analyzed under different feed rates. Selected 6 points as shown in Fig.6 , 
The result of the roundness error is:
The simulation results demonstrate that with the increasing of the feed rate of the mandrel, the effective strain of the ring is decreasing and the surface quality is improving. 8 With faster feed rate, the width of the ring internal diameter and the outside diameter is decreased significantly, however, the mid-diameter width of the ring is increased, the quality of the end face and the ring surface is improved. With the slower feed rate, the widths of the ring's internal diameter and outside diameter are increased distinctly, and the width of the middle diameter becomes small. Some crow's-feet appear obviously in the free end face on the ring, and the convex-concave are produced. The reason is that the feed rate is proportional to each rotation feed. With the increase of the feed rate, each rotation feed is improved, and the whole ring is penetrated with yield region, which is beneficial to deformation of the ring spread in circumference and the thickness diminution. 
Relationship of the forming rate and quality
With the slower feed rate, the ring moves less numbers of turns. So yield region during rolling process mainly concentrates on the ring rolling surface. The deformation of mid-diameter is smaller, deformation region at axis-direction is more inhomogenous, which leads to width deformation on excircle/internal surface. 9 Fig.7 and Fig. 8 show the roundness error and the surface quality curve at the feed rate of 0.25mm/s, 0.5mm/s and 1mm/s respectively. When the drive roller moves at low speed, the number of the ring rotation is reduced within the same rolling time, resulting in pre and post forming, and the rolling of the ring becomes difficult. 9 The high speed of the drive roller is conducive to ring forming, and the contact area between core roller and the ring per unit of time increases between the inside roller and the ring. Fig. 9 shows the relation between the roundness error and the drive roller speed. According to the simulation curve, a conclusion can be drawn that the higher the speed is, the faster the material is deformed. The relation between the drive roller speed and the flatness is shown in Fig.10 . It shows that the flatness value increases with the feed speed. The relation between the ring quality and the feed speed of the taper roller is simulated as shown in Fig.11 10 . Fig.12 shows the relation between the feed speed of the taper roller and the roundness error. The simulation result shows that with the increase of the feed speed the quality of the end face flatness and the roundness is decreased.
Simulation of the ring rolling
Based on the analysis of the ring rolling motion and parameters, the rolling process can be simulated with FEM software DEFORM-3D, and the stress and strain of the ring is analyzed 11 . During the simulation, the rotate speed of the driven roller is 1.3m/s, the feed rate of the core roller is 2mm/s, the ring material is steel S45C, the grid number is 10000, the step length is 5000, the constant shear friction factor is 0.7, the initial temperature is 1200 , HTC(Heat Transfer Coeff ℃ icient) is 0.02N/(S·mm ).As illustrated in Fig.  ℃ 13, the ring inner stress is increasing with the ring rolling. The stress is mainly concentrated on one place, where the ring contacts with the drive and taper rollers. The stress of the other area is little and uniform. As shown in Fig.14 , the ring strain is generating gradually. The maximum strain takes place at the area where the ring contacts with the roller. The strain of the ring's inner wall is greater than that of the outer wall. The end face of the part is flat, while the cylinder surface is smooth. 
Conclusions
As we discussed above that rolling quality is defined by the end face flatness and the roundness error. When the speed of the drive roller and the feed speed become large, the error of the end faces flatness and the roundness increase. Only when the machining parameters are consistent with the deformation of the ring, would the product be qualified. 
